ABSTRACT: The photoelectron signal of the singly deprotonated fluorescein anion is found to be highly dependent on the relative polarization between pump and probe pulses, and time-resolved photodetachment anisotropy (TR-PA) is developed as a probe of the rotational dynamics of the chromophore. The total photoelectron signal shows both rotational and vibrational wavepacket dynamics, and we demonstrate how TR-PA can readily disentangle these dynamical processes. TR-PA in fluorescein presents specific opportunities for its development as a probe for rotational dynamics in large biomolecules as fluorescein derivatives are commonly incorporated in complex biomolecules and have been used extensively in time-resolved fluorescence anisotropy measurements, to which TR-PA is a gas-phase analogue.
T he measurement and control over molecular alignment has been an important tool in both solution and gas-phase chemical physics and biophysics, as it provides a route to monitoring structural change and controlling molecular dynamics. For example, time-resolved fluorescence anisotropy (TR-FA) and imaging have enabled the direct probing of biophysical processes, 1−3 while alignment experiments in the gas phase have opened up countless avenues for probing molecular-frame processes. 4−6 Some of the experimental tools are transferable between solution and gas phases, and fluorescence measurements have elegantly demonstrated their potential power in large isolated molecular systems, 7−14 including distance measurements using Forster resonance energy transfer (FRET).
14−20 TR-FA, in particular, has been very informative in biophysics, and, consequently, it also has great potential to become an important analytical tool in structure and function determination in the gas phase; however, this premise has yet to be fully realized. This is in part due to technical difficulties such as the low density of ions stored in typical ions traps and the limited photon collection efficiencies that ultimately render time-resolved fluorescence experiments rather difficult. We describe an approach to monitoring rotational dynamics based on time-resolved photodetachment anisotropy (TR-PA) and demonstrate the methodology on the fluorescein anion, which is an important marker in fluorescence imaging. From a chemical physics perspective, we show that TR-PA can readily disentangle rotational from vibrational and population dynamics, which is pertinent to many time-resolved gas-phase experiments such as time-resolved photoelectron spectroscopy. 21−23 The demonstration of TR-PA on fluorescein holds significant potential as a probe for the dynamics of much large biomolecular assemblies and as a use in, for example, gasphase FRET.
TR-PA, similar to its fluorescence analogue, relies on a polarized light pulse to create a coherent rotational superposition upon excitation of a bright transition in a chromophore. As the transition dipole moment for the excitation is aligned along a given molecular axis, only a subpopulation of the randomly oriented ensemble will be excited. Specifically, molecules distributed as a cos 2 θ distribution, where θ is the angle between the polarization and transition dipole moment, will be excited. In fluorescence anisotropy measurements, one then requires fluorescence and, if this occurs via the same transition as excitation, then photons emitted immediately after excitation will be polarized along the same axis as the excitation light. As a function of time, the polarization of the fluorescence will become isotropic as the molecule undergoes rotational dynamics. Hence, by monitoring the polarization of the fluorescence as a function of time, information about the rotational dephasing time can be obtained, which, in turn, is dependent on the rotational constants of the system. The limitations of this method are that (i) it requires a fluorophore; (ii) the efficiency of photon detection is limited by the limited solid angle of fluorescence collected and the detector efficiency (typically a photomultiplier tube); and (iii) the time resolution is limited by the data acquisition hardware (typically in the picosecond range).
In TR-PA, the excitation step is the same as in TR-FA. As a probe, however, photodetachment is performed from the excited state in a traditional pump−probe fashion. The anisotropy in this case stems from an anisotropy in the differential photodetachment cross section from the excited state. If this is strongly aligned along a specific molecular axis (be it parallel or perpendicular to the transition dipole moment for initial excitation), then the cross section for electron emission will exhibit a strong dependence on the polarization of the probe. Hence, a measurement of the total photoelectron yield as a function of time for a probe polarized parallel and perpendicular to the initial excitation field will yield similar information as TR-FA.
Here we demonstrate TR-PA on the fluorescein anion, [fl-H] − , which is predominantly deprotonated on the xanthene moiety in the gas phase and at the benzoic acid in solution. 24 Fluorescein is a typical and widely used biomarker 3 because it can be functionalized (for example, fluorescein-isothiocyanate (FITC)) for attaching to biological species of interest. [fl-H] − has been extensively studied in solution and to a lesser extent in the gas phase. The anion has an electron affinity of ∼3.5 eV. The S 1 ← S 0 transition measured by action spectroscopy is a broad feature that has a maximum at 2.4 eV (525 nm) (which is red-shifted relative to solution). 25 In the gas phase, the [fl-H] − has a low fluorescence quantum yield. 26 Despite this, the lifetime of the excited states of monoanionic fluorescein derivatives has been determined to be ∼5 ns in the gas phase. 26 For the TR-PA experiments described here, the bright S 1 ← S 0 transition was excited at 2.51 eV (495 nm), launching a rovibrational wavepacket on the S 1 excited state. This was subsequently probed at a variable delay later through photodetachment with a 3.10 eV (400 nm) pulse. This scheme is summarized in Figure 1 − a wellsuited system to demonstrate and apply TR-PA.
Experiments were conducted using a femtosecond photoelectron imaging spectrometer coupled to an electrospray ionization source. 27, 28 Briefly, [fl-H] − was generated by electrospray ionization of a 1 mM solution of fluorescein in methanol at −2.5 kV. Anions were trapped in a ring-electrode trap, where they thermalize to ∼300 K, and were injected at 500 Hz into a Wiley−McLaren time-of-flight spectrometer. Under the conditions used in the current experiment, ejection from the trap can lead to a moderate heating of the ions, and the temperature can be roughly controlled by changing the ejection potentials from the trap. The mass-selected [fl-H] − ion packet was intersected perpendicularly by femtosecond pump and probe pulses at the center of a velocity-map imaging spectrometer. 29 The photoelectron spectrometer was used only to monitor the total electron yield by counting the total signal observed on the position sensitive detector using a chargecoupled device camera. Femtosecond pump and probe laser pulses were derived from a commercial Ti:sapphire oscillator and amplifier system, delivering 35 fs pulses at a 500 Hz repetition rate. Pump pulses in the visible were generated by mixing the signal output at 0.96 eV (1300 nm) from an optical parametric amplifier with remaining fundamental 1.55 eV (800 nm) light. Probe pulses at 3.10 eV (400 nm) were obtained from frequency doubling in a beta-barium borate (BBO) crystal. The delay between pump and probe pulses was controlled via an optical delay line. The pump−probe cross correlation was measured in an additional BBO crystal as ∼130 fs, and the full width at half-maximum bandwidth of both pump and probe pulses was ∼30 meV. Pulses enter the interaction region unfocused but collimated to ∼2 mm diameter, yielding intensities on the order of 3 × 10 10 W cm −2 . The relative polarization of pump and probe pulses was controlled with a π/ 2 waveplate in the probe path; the pump was always polarized parallel to the detector face.
To support interpretations of the data, we have also performed density functional theory (DFT) and time-dependent (TD-) DFT calculations, which were performed at the 6-31++G(d,p) level using the ωB97XD and CAM-B3LYP functionals within the Gaussian 09 software package. 30−33 Briefly, these two functionals incorporate long-range dispersion and nonlocal Hartree−Fock exchange corrections, which are known to be important for the correct description of molecular anions and for excited states involving significant chargetransfer character. 34, 35 Optimized geometries were confirmed to be the minimum energy structures through harmonic vibrational frequency analysis. The CAM-B3LYP functional consistently produced energetics within 0.2 eV of those using the ωB97XD functional. Note, however, that the level of theory was not chosen to achieve quantitative agreement with experiment but instead as an aide to a qualitative interpretation of the dynamics. The parameter ϕ is the dihedral angle between the planes defining the xanthene and benzoic acid rings, as shown in Figure 1 . The photoelectron yield as a function of pump−probe delay is shown in Figure 2 for parallel (red) and perpendicular (blue) relative polarizations of the pump and probe beams. Both traces have been normalized to unity at long delay times. The parallel component shows a very fast rise at t = 0, with a rise time corresponding to the instrument response function of ∼130 fs, followed by an exponential decay on a picosecond time scale. Additionally, the total photoelectron yield is strongly modulated by an oscillatory component with a period of ∼1 ps. Both the decay and oscillation disappear after a few picoseconds, and the signal remains constant from thereon over the temporal window probed (100 ps). When the probe is perpendicular to the pump, the signal rises near t = 0 but does not reach the level seen for parallel pump−probe polarizations and then gradually increases on a picosecond time scale to the level for parallel polarizations at long delays. Superimposed on this is a modulation of the photoelectron yield, of similar period to that observed for parallel polarizations and with the same phase.
Both the parallel and perpendicular polarization TR-PA could be modeled using a simple exponential decay and rise, respectively, modulated by a damped cosine oscillation and convoluted with the 130 fs instrument response function. The resulting fits are shown as solid lines in Figure 2 and have a common exponential lifetime and oscillation frequency, phase, and amplitude. The exponential lifetime is found to be τ r = 725 ± 70 fs, while the oscillation period is τ v = 1050 ± 100 fs.
Although exponential decays measured in a total photoelectron yield experiment can often be correlated with electronic dynamics, [21] [22] [23] 36 in the present case this is clearly invalid as such dynamics should not normally depend on the relative polarization of the pump and probe. Instead, it appears that the observed dynamics are dominated by the anisotropy of the photodetachment process. This can be clearly demonstrated by employing an analysis methodology analogous to that used in TR-FA. Namely, we define the photoelectron emission anisotropy, r(t), as the difference between the photoelectron signal following parallel I // and perpendicular I ⊥ probe pulses, relative to the total signal
The anisotropy function r(t) based on our data is shown in Figure 3a . This has recovered only the decay component and is a sensitive measure of the rotational dephasing dynamics. It is common in TR-FA to model r(t) as an exponential decay: r(t) = r 0 exp(−t/τ r ), where τ r = 725 fs is the rotational correlation time and r 0 is the initial anisotropy, which ranges from 0.4 to −0.2. In TR-PA, this corresponds to a differential photodetachment cross section peaking parallel to or perpendicular to the excitation transition dipole moment, respectively. From Figure  3a , r 0 = 0.34, indicating that the differential photodetachment cross section is strongly peaking along the xanthene unit.
The rotational dynamics observed originate from the evolution of a rotational coherence formed upon excitation to the S 1 excited state, as discussed in detail by Felker and Zewail. 10, 11 The fast decay of the rotational coherence is due to the dephasing of the rotational wavepacket, 37 and after ∼2 ps, the average laboratory-frame alignment in the excited state is lost. This dephasing depends on the rotational constants and the initial temperature. The minimum in the anisotropy function can be estimated for an asymmetric rotor (with moments of inertia, I x > I y > I z ) using t min ≈ (I y /k B T) 1/2 .
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Using I y = 3.670 × 10 −44 kg m 2 and t min ≈ 2.2 ps (from Figure  3a) , an internal temperature of T ≈ 550 K is obtained. We have also performed our experiments under "colder" conditions, which revealed that the rotational dephasing indeed slows down to t min ≈ 3 ps, corresponding to an internal temperature of T ∼ 300 K. (See the Supporting Information.) 38, 39 A full analysis of the rotational dephasing would allow an accurate determination of the rotational constants of a molecular system from τ r ; 37 however, as this requires an accurate determination of the internal temperature, such an analysis is beyond the scope of this study. In TR-FA, τ r can be related to the local viscosity of the solvent, which is clearly not appropriate for a gas-phase experiment. However, comparison of TR-FA of a molecule in solution with TR-PA in the gas phase would provide an interesting comparison. Unfortunately, such a direct comparison is again sensitively dependent on temperature in the gas phase, which we currently cannot accurately control. Experiments are currently underway in our laboratory in which the temperature can be controlled.
Revivals and fractional revivals in the rotational wavepacket should also be observable; full revivals for a diatomic occur at (2Bc) −1 , where
) is the rotational constant. 4 For an asymmetric rotor (fluorescein), the three rotational constants significantly complicate the revival pattern. We have not observed such revivals in the present study and point out that these would occur on time scales well beyond that probed in the present experiments. We note that for the discussion of incorporation of fluorescein as a marker in a larger molecular system, such rotational revivals would occur on even longer time scales (many nanoseconds) and will additionally be blurred by thermal fluctuations in the structure. Hence, these would be very difficult to observe experimentally.
A striking feature of r(t) in Figure 3a is that the oscillations are completely removed, which indicates that these modulations seen in Figure 2 do not depend on the relative polarization of the pulses. Oscillations on top of a photoelectron signal are indicative of vibrational wavepacket motion. 21, 22, 40 In a similar manner to the analysis yielding the anisotropy parameter, we can again borrow tools from TR-FA. The isotropic signal function, S(t), can be defined as
// and the results for S(t) applied to our data are shown in Figure  3b . It clearly recovers the vibrational dynamics (in this case a quantum beat) present in the data as well as the population dynamics, which simply involve the step function with width defined by the cross correlation (i.e., excitation of S 1 ← S 0 ). The oscillations are strongly damped and disappear within the first few picoseconds. Given the size of the molecular system and the rigidity of the xanthene unit, the period of the vibrational wavepacket is remarkably slow, τ v = 1050 fs, corresponding to a vibrational wavenumber of 32 cm −1 . To gain a qualitative insight into the possible dynamics that are observed in the experiment, we turn to results from our calculations, which are summarized in Figure 1 (calculated energies are given in the Supporting Information). In the ground S 0 state, the two ring systems are perpendicular to each other and the dihedral angle between the xanthene and benzoic acid groups ϕ = 90°. The S 1 ← S 0 photoexcitation involves a π* LUMO ← π HOMO transition, in which both orbitals are localized predominantly on the xanthene group. Initially, the π* LUMO does not interact with any π* orbitals on the benzoic acid group due to incompatible symmetry at ϕ = 90°. The principal motion in geometrical relaxation of the S 1 state involves rotation of the benzoic acid with respect to the xanthene, reaching a minimum energy geometry with ϕ = 53°. This torsional motion is accompanied by a partial charge transfer from the π* LUMO on the xanthene group, which can now mix with π* orbitals on the benzoic acid group. Although there is also a small twisting distortion of the xanthene and a bend of the benzoic acid out of the plane of the xanthene unit, the torsional mode about ϕ is by far the most prominent. We have calculated the frequencies of vibrational modes of the S 1 excited state, and these show that there are six modes with frequencies less than 100 cm . This corresponds to a period of 940 fs, which is in excellent agreement with the observed wavepacket motion in Figure 3b . The observation of the torsional motion in the total photoelectron yield may be explained by either the fact that the Franck−Condon window for detachment from the S 1 has become smaller by ∼0.4 eV (see Figure 1) or the cross-section for detachment changes along the torsional coordinate. The latter might be expected given that the electronic character is changing quite substantially. However, if this were the case, then one might also anticipate that the differential cross sections might change, which would be reflected in r(t), which it is not. The chargetransfer nature of the S 1 excited state has been controversially discussed in the literature, 41−43 and our indications suggest that a partial electron transfer does occur, at least in the gas phase.
The ability to measure and decouple the rotational dynamics from population and vibrational dynamics in the time-resolved photoelectron yield is very useful. Indeed, the interpretation of time-resolved photoelectron spectroscopic data can sensitively depend on such dynamics, and rotational dynamics have been misinterpreted as population dynamics. 44, 45 Simply measuring the total ion yield with two polarizations would eliminate such ambiguities. In cases where population dynamics are occurring on very different time scales as rotational dephasing, as is the case for nucleotides and oligonucleotides, 46, 47 for example, such complications are less important. Extending the measurement to arbitrary angles between the two polarizations (i.e., between the alignment axis and the detachment polarization) near t = 0 allows the direct measurement of the angle between the aligned axis of the molecule and the preferential direction for electron detachment (differential cross-section). TR-PA is therefore also a viable methodology to quantitatively measure the degree of molecular alignment without relying on fragment imaging of the target molecule. This is especially applicable when extending existing alignment methods to larger systems where fragmentation often produces many same-mass fragments or when the kinetic energy released exhibits considerable energy spread.
The fact that r 0 = 0.34 is close to its maximum value of 0.4 in the present case suggests that fluorescein may present an outstanding probe to monitoring rotational dynamics in larger systems. If tightly bound within a large protein complex that inhibits fluorescein rotation, the dynamics probed through TR-PA would correspond to the rotational motion of the protein complex and one can extract rotational constants from the complex. Consequently, one can infer structural information about the complex and TR-PA would provide complementary information to ion mobility spectrometry. 48, 49 Alternatively, it would also provide a sensitive probe of the "friction" of a large biomolecule in solution, as it can now be directly compared with a frictionless (i.e., gas-phase) environment. Moreover, applications using FRET can be envisaged using fluorescein that can provide information about intramolecular distances and dynamics.
Although closely related to TR-FA, TR-PA has some distinct advantages when applied to gas-phase ions. The photodetached electron can be detected with near unit efficiency, in contrast with fluorescence, in which the collection optics lead to significant losses, as does the ultimate detection, which is often based on photomultiplier technology. Admittedly, an additional photon is required to photodetach from the excited state in TR-PA, but the efficient means by which the photoelectron can be detected makes this acceptable. The temporal resolution in TR-PA is determined by a pump−probe scheme and is therefore limited to the duration of the laser pulses (tens of femtoseconds), in contrast with single-pulse fluorescence measure-
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Letter ments that are limited by data acquisition hardware of timecorrelated single photon counting systems (tens of picoseconds). In solution-phase fluorescence experiments, ultrafast time resolution is accessible by using fluorescence upconversion, but this has not been demonstrated in the gas phase due to the prohibitively low ion densities. Finally, in principle, no fluorophore is required, and only a chromophore is needed as long as its excited-state lifetime is sufficiently long to observe rotational dynamics and the excited-state photoemission shows a strongly anisotropic differential cross section.
In summary, we have demonstrated TR-PA as a useful method for probing rotational dynamics. Specifically, we have demonstrated this here for the fluorescein anion, which holds particular promise as a label in larger gas-phase biomolecules in which the method could be developed as a sensitive probe of structure and dynamics. The rotational dynamics for fluorescein indicate that it has very strong inherent photodetachment anisotropy from the S 1 state.
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